We report low temperature muon spin relaxation (µSR) measurements of the high-transitiontemperature (Tc) cuprate superconductors Bi2+xSr2−xCaCu2O 8+δ and YBa2Cu3O6.57, aimed at detecting the mysterious intra-unit cell (IUC) magnetic order that has been observed by spin polarized neutron scattering in the pseudogap phase of four different cuprate families. A lack of confirmation by local magnetic probe methods has raised the possibility that the magnetic order fluctuates slowly enough to appear static on the time scale of neutron scattering, but too fast to affect µSR or nuclear magnetic resonance (NMR) signals. The IUC magnetic order has been linked to a theoretical model for the cuprates, which predicts a long-range ordered phase of electron-current loop order that terminates at a quantum crictical point (QCP). Our study suggests that lowering the temperature to T ∼ 25 mK and moving far below the purported QCP does not cause enough of a slowing down of fluctuations for the IUC magnetic order to become detectable on the time scale of µSR. Our measurements place narrow limits on the fluctuation rate of this unidentified magnetic order.
We report low temperature muon spin relaxation (µSR) measurements of the high-transitiontemperature (Tc) cuprate superconductors Bi2+xSr2−xCaCu2O 8+δ and YBa2Cu3O6.57, aimed at detecting the mysterious intra-unit cell (IUC) magnetic order that has been observed by spin polarized neutron scattering in the pseudogap phase of four different cuprate families. A lack of confirmation by local magnetic probe methods has raised the possibility that the magnetic order fluctuates slowly enough to appear static on the time scale of neutron scattering, but too fast to affect µSR or nuclear magnetic resonance (NMR) signals. The IUC magnetic order has been linked to a theoretical model for the cuprates, which predicts a long-range ordered phase of electron-current loop order that terminates at a quantum crictical point (QCP). Our study suggests that lowering the temperature to T ∼ 25 mK and moving far below the purported QCP does not cause enough of a slowing down of fluctuations for the IUC magnetic order to become detectable on the time scale of µSR. Our measurements place narrow limits on the fluctuation rate of this unidentified magnetic order. Achieving an understanding of the pseudogap (PG) has long been viewed as key to understanding high-T c superconductivity. A clue to the origin of the PG has come from spinpolarized neutron diffraction studies that have detected the onset of an unusual three-dimensional (3-D), longrange IUC magnetic order at a temperature concomitant with the PG onset temperature T * in YBa 2 Cu 3 O 6+x (Y123), HgBa 2 CuO 4+δ (Hg1201) and Bi 2 Sr 2 CaCu 2 O 8+δ (Bi2212). [1] [2] [3] [4] [5] [6] [7] This finding provides evidence for a change in symmetry at T * associated with the onset of a novel type of order, which is supported by other kinds of measurements that indicate the the PG is related to a true phase transition. [9] [10] [11] [12] The magnetic order observed by polarized neutron diffraction is described by staggered out-of-plane magnetic moments that diminish in magnitude from the underdoped to optimally-doped regime.
7,8
A similar mysterious magnetic order is also observed in x = 0.085 La 2−x Sr x CuO 4 (LSCO), 13 although it is short-range, two-dimensional, and onsets at a temperature far below T * . The latter is also the case in underdoped YBa 2 Cu 3 O 6.45 -suggesting a potential competition with Cu spin density wave order at low doping.
The magnetic structure and the hole-doping dependence of the onset temperature of the IUC magnetic order are somewhat compatible with a model derived from a three-band Hubbard model, which attributes the PG to a time-reversal symmetry breaking phase consisting of a pattern of circulating electron currents that preserve translational symmetry.
14 With increased hole doping the transition temperature of the circulating-current (CC) ordered phase is reduced towards zero, terminating at a QCP within the superconducting phase near or above optimal doping. Yet zero-field (ZF) µSR experiments have found no evidence for such a magnetically ordered phase. [15] [16] [17] [18] While it has been suggested that charge screening of the positively charged muon (µ + ) causes severe underdoping of its local environment, resulting in the loss of CC order over a distance of several lattice constants, 19 such severe perturbation of the local environment is inconsistent with µ + -Knight shift measurements that show a linear scaling with the bulk magnetic susceptibility. 20 Moreover, non-perturbative NMR and nuclear quadupole resonance (NQR) experiments also find no evidence of IUC magnetic order. [22] [23] [24] [25] It has been argued from calculations in a multi-orbital Hubbard model and for parameters relevant to cuprate superconductors, that the CC phase proposed in Ref. 14 or variations of it are unlikely to be stabilized as the ground state. 26 A staggered ordering of Ising-like oxygen orbital magnetic moments has been offered as an alternative explanation of the IUC magnetic order.
27
Since the original CC phase proposal, the model has been extended to include quantum critical fluctuations of the CC order parameter. 28, 29 The extended model attributes the anomalous normal-state properties of cuprates to a funnel-shaped quantum critical region in the T -versus-p phase diagram that extends to temperatures well above the QCP at p = p c , T = 0. In the quantum-critical region the CC order spatially and temporally fluctuates between four possible ground-state configurations characterized by different directions of the CC order parameter. Local disorder is argued to couple to the CC order, leading to four distinct domains consist-ing of one of the four possible CC order configurations. The fluctuation rate between the different CC order configurations has been estimated to be slow enough to appear static on the time scale of neutron scattering, but too fast to cause relaxation of µSR or NMR spectra.
30
One exception to the null local-probe results is a ZF-µSR study of a large YBa 2 Cu 3 O 6.6 single crystal in which the unusual 3-D IUC magnetic order has been detected by polarized neutron scattering. 17 Static magnetic order with an onset temperature and local magnetic field consistent with the neutron findings was observed, but only in ∼ 3 % of the sample. This raises the possibility of fluctuating IUC magnetic order (that is not necessarily CC order) being locally pinned in a static configuration by disorder. The impurity/disorder type must be fairly specific though, since it has been shown that Zn substitution of Cu in YBa 2 Cu 3 O 6.6 does not affect the magneticonset temperature, but does reduce the magnetic Bragg scattering intensity. 4 In other words, the Zn impurity apparently reduces the volume of the sample containing the IUC magnetic order.
Here we investigate whether there is fluctuating IUC magnetic order that slows down enough near T = 0, where thermal fluctuations vanish, to become detectable by ZF-µSR. If the mysterious magnetic order is associated with a QCP, then near T = 0 we expect quantum fluctuations to dominate close to p c , but in the absence of significant disorder to have a diminishing effect as the hole concentration is lowered. The neutron experiments on Y123 and Hg1201 suggest p c ∼ 0.19, and previous ZF-µSR measurements on Y-doped Bi2212, pure LSCO, and Zndoped LSCO, extending down to 40 mK show a vanishing of low-frequency spin fluctuations above this critical doping. 31 However, a similar ZF-µSR study down to such low temperatures has not been performed on the other cuprates in which IUC magnetic order has been detected by neutrons. An exception are ZF-µSR measurements on a p ∼ 0.167 Bi2212 powdered sample, which indicate the onset of spin fluctuations below T ∼ 5 K, but no spin freezing down to 40 mK.
31
ZF-µSR measurements with the initital muon spin polarization P(0) parallel to theĉ-axis were performed on underdoped (p = 0.094, T c = 58 K) and optimallydoped (p = 0.16, T c = 90 K) Bi2212 single crystals, and single crystals of underdoped (p = 0.11, T c = 62.5 K) YBa 2 Cu 3 O 6.57 . The samples were prepared as described elsewhere.
32,33 Spectra were collected down to as low as T = 24 mK using a dilution refrigerator on the M15 surface muon beam line at the TRIUMF subatomic physics laboratory in Vancouver, Canada. The single crystals were mounted on a silver (Ag) sample holder, covering a 8 mm × 5 mm area. A scintillation detector placed downstream was used to reject muons that missed the sample. A fraction (≤ 40 %) of the incoming muons stopped in the uncovered portion of the Ag sample holder, and a fraction (∼ 20 %) of the muons stopped in the copper (Cu) heat shields of the dilution refrigerator. Since the nuclear dipole fields in Ag are negligible, there is no apprecia- ble time or temperature dependence to the background component from the sample holder. While the relaxation rate of the ZF-µSR signal from Cu does have a temperature dependence caused by muon diffusion, 34 the Cu shields are at constant temperature. We also performed longitudinal-field (LF) µSR measurements on p = 0.11 Y123 single crystals at a fixed temperature far below T c using a helium-gas flow cryostat and low-background sample holder, for the purpose of determining whether the internal magnetic fields are static or dynamic. In this setup there is no Cu component and the background contribution to the LF-µSR signal is less than 20 %.
The ZF-µSR asymmetry spectra were fit to the sum of sample and backgrounds terms as follows
where a s and G s (t) [a b and G b (t)] are the amplitude and ZF relaxation function for the sample (background) contribution. The background term originating from muons stopping outside of the sample was assumed to be independent of temperature and approximately described by the following relaxation function
where
is a static Gaussian Kubo-Toyabe function. In particular,
where γ µ is the muon gyromagnetic ratio and ∆ b /γ µ is the width of the Gaussian distribution in field sensed by the implanted muon ensemble. The sample contribution was assumed to be the product of two relaxation functions
which assumes that muons stopping in the sample sense the vector sum of static nuclear dipolar fields and fields of some other origin that generate a weak exponential relaxation rate λ. An exception is Bi2212 at p = 0.094, where the ZF-µSR asymmetry spectra below T = 1 K were better described by
This function assumes an enhanced exponential relaxation rate λ+η due to a fraction f of the muons experiencing additional fields in some parts of the sample. In contrast to the relaxation rates ∆ s and ∆ b , the exponential relaxation rates λ and η were allowed to vary with temperature in the fitting of the ZF-µSR spectra. In addition, f was assumed to be independent of temperature. Figures 1 and 2 show representative ZF-µSR asymmetry spectra for the Y123 and Bi2212 samples. Figs. 1 and 2) show that a small 0.4 × 3 % = 1.2 % contribution to the total signal cannot be ruled out. However, it is worth mentioning that no such minority phase was previously observed in lowbackground measurements of the p = 0.11 Y123 sample above T = 2.3 K.
17 Figure 3 shows the temperature dependence of the exponential relaxation rate λ for all three samples, along with λ + η for p = 0.094 Bi2212 below T = 1 K. While there is an increase in the relaxation rate for the p = 0.094 Bi2212 sample below T = 1 K, this is most likely due to The insets show the ZF-µSR spectra for the lowest temperature at early times. These spectra were recorded with the initial muon spin polarization parallel to theĉ-axis. The solid curves through the data points are fits to Eq. (1), assuming Eq. (4) for the relaxation function Gs(t). An exception is the solid curve for the p = 0.094 sample at T = 24 mK, which is a fit assuming Eq. (5) for Gs(t). The insets show the ZF-µSR spectra for T = 24 mK at early times. The solid green curves simulate the presence of a 3 % damped-oscillating contribution to the sample component assuming a mean local field of 141 G.
low-energy spin fluctuations in the CuO 2 planes, as spin freezing is observed in Y-doped Bi2212 below p ∼ 0.10.
The lack of any increase of λ at low temperatures for the p = 0.11 Y123 and the p = 0.16 Bi2212 samples rules out the onset of quasi-static magnetism below T = 5 K. However, these ZF-µSR results do not rule out the possibility that even at these low temperatures and at a hole doping far below p c , the IUC magnetic order fluctuates too fast to be detectable on the time scale of ZF-µSR. Assuming the local magnetic field due to IUC magnetic order is 141 G (as estimated in Ref. 17) , the ZF-µSR results for p = 0.11 Y123 and p = 0.16 Bi2212 imply a lower limit of 1.9×10 6 Hz for the fluctuation rate. This is far below the upper limit of 10 11 Hz imposed by the energy resolution of the polarized neutron experiments.
Our LF-µSR measurements in a different experimental setup greatly increase the lower limit of the fluctuation rate. Figure 4 for p = 0.11 Y123 well below T c . Below T c weak applied fields are completely or partially screened from the bulk, and hence external fields well in excess of the lower critical field H c1 were applied. A longitudinal field of B LF = 0.5 kOe completely decouples the muon spin from the nuclear dipoles of the background and the internal magnetic fields of the sample. If the muons sense a rapidly fluctuating nearly Gaussian distribution of field, the ZF-µSR signal will decay with a pure exponential relaxation G s (t) = exp(−λt). In this case the dependence of the dynamic relaxation rate on the LF is given by the Redfield equation
where ∆/γ µ is the width of the field distribution and ν is the local-field fluctuation frequency. In the previous µSR study of a large single crystal of YBa 2 Cu 3 O 6.6 in which static magnetic order was detected in 3 % of the sample, 2) detect IUC magnetic order within the CuO 2 planes in 3 % and 100 % of the sample, respectively. Also shown is the upper limit λ LF ≤ 0.01 µs −1 inferred from the corresponding LF-µSR spectrum in Fig. 4(a) under the assumption that fluctuating magnetism occurs throughout the sample. The simulation of λ LF for ∆/γ µ = 141 G exceeds the upper limit of the relaxation rate observed in p = 0.11 Y123 below ν ∼ 3×10
10 Hz. On the other hand, the sim- If the IUC magnetic order is associated with fluctuations between different orientations of a CC-ordered state in finite size domains, rather than spatially-uniform long range magnetic order, quantum fluctuations will not di-minish away from the QCP. 30 The lowest quantum fluctuation frequency between the distinct CC configurations is estimated to be less than 10
10 Hz -a scenario not completely ruled out by our LF-µSR results. As for other possible origins of the IUC magnetic order, while our estimated lower limit of the fluctuation frequency assumes fluctuating magnetic order throughout the sample volume, the current measurements do not rule out the possibility that there is slower fluctuating IUC magnetic order contained in a small volume fraction.
